Modern learning theory was launched by several findings in the late 1960s that demonstrated that simple contiguity between conditioned and unconditioned stimuli (CSs and USs) was not sufficient for association formation between those stimuli (Kamin, 1968; Rescorla, 1968; Wagner, Logan, Haberlandt, & Price, 1968) . These findings led to the general theoretical idea that associative learning depends on the organism's expectancies in a given environmental situation. Theories such as the Rescorla-Wagner (1972) model formalized this notion of expectation and suggested that positive or negative changes in associative learning occur as a function of the difference (or error) between the US that is expected, based on the available cues, and the US that actually occurs. The impact of this error on learning is gated by rate parameters that control the amount of learning that occurs in a given situation. Error correction continues to be perhaps the most important concept in the modern development of theories of learning and performance (e.g., Brandon, Vogel, & Wagner, 2003; Gallistel, Fairhurst, & Balsam, 2004; Harris, 2006) . However, as Cole and McNally (2007) highlight in this issue, few studies of conditioned fear have examined the neurobiological mechanisms that underlie error correction. Cole and McNally's demonstration of a role for NMDA and opioid receptors in the establishment and the regulation of predictive error is therefore an important point of contact for theoretical and neurobiological approaches to learning. Further, the ideas developed in their paper about the ways in which predictive error is encoded and regulated reflect a significant advance in thinking about the neurobiology of learning and memory.
NMDA Receptors as the Gatekeepers of Learning
Much of the work on the neurobiology of learning and of memory has focused on cellular and molecular mechanisms involved in the encoding, consolidation, and retrieval of memories (reviewed in Abel & Lattal, 2001; Morris, 2006; Tonegawa, Nakazawa, & Wilson, 2003) . A combination of sophisticated pharmacological, genetic, and molecular techniques has revealed the importance of many different receptors and signal transduction cascades. Many of these studies have identified the NMDA receptor as critical for memory, especially in the encoding of memories (i.e., the initial association formation between a CS and a US). It has been an attractive receptor to investigate in the study of associative learning, because it requires both membrane depolarization and glutamate binding, which make it possible for signals to be integrated from multiple synaptic inputs. Electrophysiological studies of synaptic plasticity, a cellular model of memory, have consistently revealed a requirement for the NMDA receptor (reviewed in Morris, 2006) , a finding that further strengthens the idea that the NMDA receptor is of central importance in memory formation.
Consistent with the idea that the NMDA receptor is critical for memory, a large body of literature shows that NMDA receptor antagonism impairs associative learning. These findings have been replicated in different species, neural systems, and behavioral preparations, including fear conditioning. Cole and McNally's (2007) demonstration that the NMDA antagonist MK-801 impaired increases and decreases in associative learning is consistent with this literature. The key feature of Cole and McNally's experiments is the elegant integration of blocking and temporal learning into an experimental design that allowed effects on positive (actual outcome is larger than predicted) and negative (actual outcome is smaller than predicted) error to be examined simultaneously. Their finding that NMDA receptor antagonism impaired increases and decreases in associative strength in the same subjects is therefore extremely helpful in the isolation of associative change processes from more general effects on performance.
What makes this paper particularly novel and important is the suggestion that the NMDA receptor may be critical for control of the rate at which associative learning is strengthened or weakened. This is an intriguing hypothesis that adds a key qualification to current thinking about the role of the NMDA receptor in learning. The NMDA receptor itself has become synonymous with a cellular mechanism of learning, but there have been few attempts to describe, from a learning theory perspective, how this receptor allows learning to occur. This is surprising, given how instrumental theories such as the Rescorla-Wagner (1972) model have been not only in accounting for a range of behavioral data but in directing years of behavioral research. Indeed, the focus on NMDA receptors in neurobiological accounts of memory encoding and of consolidation processes is far removed from most influential theories of associative learning, which generally have eschewed such consolidation processes.
Although few attempts have been made to describe NMDA receptor function in learning theory terms, most accounts of memory encoding and consolidation are consistent with the idea that the NMDA receptor is responsible for changes (increases or decreases) in learning. In Rescorla-Wagner (1972) terms, these changes are reflected in ⌬V, the amount of learning to a stimulus that occurs in a given conditioning situation. However, it is important to recognize that ⌬V is the consequence of a learning trial; many variables contribute to the amount of learning that occurs during that trial. In general terms, ⌬V is determined by the magnitude of the difference (or error) between predicted and obtained outcomes, as well as by rate parameters that control how much influence this error has on learning. These variables and their impact on learning are outlined in Figure 1 .
There is strong theoretical reason to think that rate can be dissociated from predictive error in learning. In the classic Rescorla-Wagner (1972) equation, rate is determined by parameters associated with the CS (␣) and the US (␤),whereas the error itself is determined by the difference between the associative strength that a US supports () and the associative strength of the available cues in the learning situation (⌺V). Many studies have determined that rate and predictive error can be controlled by different environmental manipulations. Cole and McNally (2007) suggest that rate parameters, such as ␣ and ␤, and the predictive error ( Ϫ ⌺V) components of the Rescorla-Wagner model can be pharmacologically dissociated by acting on NMDA or on opioid receptors.
The idea that organisms can learn about predictive error independent of the NMDA receptor implies that the NMDA receptor is not simply a receptor for learning but instead is a receptor that regulates one component of learning. The broader implication of this idea is that effects on memory that result from NMDA receptor manipulations may occur because of the impact of that receptor on the product of the discrepancy between expected and obtained USs without affecting the organism's ability to encode the discrepancy itself. This means that currently accepted descriptions of the function of the NMDA receptor in general memory encoding or in consolidation may give an incomplete account of this receptor's role in learning and memory.
Opioid Receptors as Prediction Encoders: Implications for
Reward Learning and Substance Abuse
In contrast to their findings with MK-801, which impaired positive and negative error learning, Cole and McNally (2007) found that the opioid receptor antagonist naloxone appeared to increase positive prediction errors and decrease negative prediction errors. Their finding led to the suggestion that opioid receptors may code error prediction itself. This demonstration of the effects of naloxone on predictive error learning is important for contact between learning theory and neurobiology, but it also has implications for the possible role of endogenous opioids in rewardrelated learning and drug abuse. Error prediction in general has received a good deal of attention in reward learning, but relatively little is known about the importance of opioid receptors.
One prominent theory of reward-related learning suggests that dopamine neurons may encode both positive and negative reward-prediction errors that stem from the expectation of reward occurrence, rather than the unconditional occurrence of the reward itself (for review, see Schultz, 2001 ). Schultz and colleagues have found that activity of dopamine neurons increases when an unpredicted reward occurs (positive prediction error) and decreases when a predicted reward fails to occur (negative prediction error), whereas the occurrence of a fully predicted reward elicits no dopamine neuron response (e.g., Ljungberg, Apicella, & Schultz, 1992; Mirenowicz & Schultz, 1994; Romo & Schultz, 1990 ). These findings have been demonstrated in brain structures, including frontal cortical regions, the amygdala, and the striatum, that are innervated by midbrain dopamine projection neurons (Hassani, Cromwell, & Schultz., 2001; Nishijo, Uwano, Tamura, & Ono, 1998; Tremblay & Schultz, 1999) . Schultz (e.g., 2007) has proposed that the response of dopamine neurons may reflect the neural coding of prediction error theorized by the learning term ( Ϫ ⌺V) of the Rescorla-Wagner model (1972) , such that Dopamine Re- Figure 1 . Different roles for NMDA and opioid receptors in learning. A CS-US conditioning trial activates NMDA and opioid receptors. Opioid receptors code the predictive error between the US that occurs () and the US that is expected from the total available cues in the environment (⌺V); NMDA receptors act on the product of this predictive error. In the terms of the Rescorla-Wagner (1972) equation, NMDA receptors may act on the rate parameters associated with the CS (␣) or with the US (␤), and opioid receptors may act on the predictive error itself, which places a ceiling on the magnitude and the direction of associative change (⌬V). These two receptor systems interact to produce changes in associative learning, which ultimately result in changes in behavior. CS ϭ conditioned stimulus; US ϭ unconditioned stimulus. sponse ϭ Reward Occurred Ϫ Reward Predicted. This idea has been supported in a blocking paradigm similar to that used in the Cole and McNally (2007) study, in which presentation of a blocked CS followed by reward absence failed to produce activity in midbrain dopamine neurons of primates, as no prediction error was present, whereas a blocked CS followed by reward produced a positive prediction error and a subsequent increase in dopamine neuron activity (Waelti, Dickinson, & Schultz, 2001 ). Thus, the activity of dopamine neurons appears to comply with, and extend, behavioral demonstrations of the importance of reward-prediction error on learning proposed by Kamin's (1968) blocking effect and by the Rescorla-Wagner model.
Although research on reward has largely focused on the role of dopamine in the mesolimbic pathway and its associated connections, findings such as those from Cole and McNally (2007) suggest that there is good reason to examine the interaction between opioid systems and the dopaminergic mechanisms thought to mediate responses to both natural and unnatural rewards (i.e., drugs of abuse). The ventral tegmental area (VTA), which houses dopamine cell bodies that project to the nucleus accumbens-a connection that an enormous body of research implicates as a hub of reward learning (e.g., Wise and Bozarth, 1985) -contains mu-opioid receptors (Mansour, Fox, Burke, Akil, & Watson, 1995) that, when activated, enhance the release of dopamine in the nucleus accumbens (Di Chiara & Imperato, 1988) . In light of the results found in the Cole and McNally study, as well as some of their previous work (e.g., Iordanova, McNally, & Westbrook, 2006; McNally and Cole, 2006) , it is interesting to speculate that dopamine-dependent, reward-related learning may be similarly influenced by opioid receptors in the VTA, which may greatly impact expectancy or anticipatory motivational behaviors.
Some research does, in fact, suggest a role of mu-opioid receptors in the modulation of predictive or anticipatory responses that involve the dopaminergic reward pathway. Kas et al. (2004) found that mu-receptor knockout mice failed to adjust their anticipatory behavior in response to rewarding stimuli, a finding suggestive of a -opioid/dopamine interaction that controls anticipatory responding. Data from the same laboratory found similar deficits in anticipatory behavior in a Pavlovian conditioning procedure following intra-VTA naloxone administration (Spruijt, van den Bos, & Pijlman, 2001) . Although a role for the opioid system in the modulation of predictive error or anticipatory behaviors in addiction models has yet to be systematically explored, a great deal of evidence has implicated the involvement of the opioid system in drug reward processes through its interaction with the mesolimbic dopamine system (for review, see van Ree, Gerrits, & Vanderschuren, 1999) . Thus, the opioid system appears to play a pivotal role in dopamine-dependent behaviors, and future studies may indeed uncover a critical role for opioids in reward-related learning.
Learning Theory and Pharmacology: Novel Mechanisms
From a Combined Approach
The broad implication of a learning theory approach to cellular pharmacology is that the role of different cellular and molecular pathways in learning can be rigorously defined. The dissociations between NMDA and opioid systems described by Cole and McNally (2007) are likely to be found in other cellular and molecular systems involved in learning. These systems can include not just receptors but protein kinases, transcription factors, and even epigenetic mechanisms that may differ depending on what learning process is engaged. The use of learning theory to guide research on cellular and molecular mechanisms of memory is certain to lead to the discovery of new and more specific functions for previously identified molecular signals and pathways. In the absence of a strongly grounded theoretical approach, such mechanisms may not be discovered.
The broad implication of a pharmacological approach to learning theory is that it may be possible to use pharmacological manipulations as tools to help distinguish between different theoretical assumptions about the processes underlying predictive error (e.g., Harris, 2006; Pearce, 1987) . For example, the RescorlaWagner (1972) model is an elemental theory that assumes that all of the many stimulus elements present during a conditioning trial gain or lose strength together. Other theories assume that the entire stimulus configuration is conditioned as a single unit (e.g., Pearce, 1987) . By assuming that a pharmacological manipulation affects a specific aspect of the learning situation (e.g., elemental or configural processing), one could potentially identify the signaling systems involved in different kinds of learning. Such an approach has been very helpful at the neural systems level in studies outlining the function of the hippocampus in contextual learning (see Fanselow, 1999; Ji & Maren, in press; Rudy & O'Reilly, 1999 Cole and McNally's (2007) suggestion that NMDA and opioid receptors have complementary roles in associative learning provides a compelling platform for the integration of research on learning theory, neurobiology, and substance abuse. A number of important questions about the role of these receptors in error prediction remain. For example, how exactly do NMDA receptors act on the product of predictive error? They may affect the processing of CSs and of USs differently, they may be involved in specific interactions between these stimuli, or they may regulate predictive error through a mechanism not included in the Rescorla-Wagner (1972) model. Similarly, opioid receptors may contribute to predictive error by altering the impact of the US (), by inflating or deflating the associative value of the CS (⌺V), or by acting specifically on the manner in which the difference in associative value of the CS and of the US is calculated ( Ϫ ⌺V). These receptor systems may control association formation through a variety of mechanisms that may differ depending on where in the brain they are acting. It will be especially useful to examine the role of opioid manipulations within specific neural systems that mediate fear error prediction, particularly given the multiple demonstrations that naloxone may function as an aversive US when it is administered systemically (e.g., Bormann & Cunningham, 1997 ). These will be important issues to address, and the use of formal learning theories to guide research on the neuropharmacology of learning is certain to lead to insights about the way predictive error is calculated and how this calculation impacts associative learning.
